Post-menopausal osteoporosis is a condition that affects millions worldwide and places a huge socioeconomic burden on society. Previous research has shown an association of loss of function SNPs in the gene for the purinergic receptor P2X7R with low bone mineral density, increased rates of bone loss and vertebral fractures in post-menopausal women. In this study we use a mouse model of oestrogen deficiency-induced bone loss and the BALB/cJ P2X7R −/− to show that absence of the P2X7R resulted in increased bone loss. Osteoclast precursors were isolated from both BALB/cJ P2X7R −/− and BALB/cJ P2X7R +/+ mice and then cultured in vitro to form mature resorbing osteoclasts. The BALB/cJ P2X7R −/− derived precursors generated slightly more osteoclasts but with a significant reduction in the amount of resorption per osteoclast. Furthermore, when using modified culture conditions osteoclast activity was additionally increased in the absence of the P2X7R suggest that P2X7R may regulate the lifespan and activity of osteoclasts. Finally using mechanical loading as an anabolic stimulus for bone formation, we demonstrated that the increased oestrogen-deficient bone loss could be rescued, even in the absence of P2X7R. This study paves the way for clinical intervention for women with post-menopausal osteoporosis and P2XR7 loss of function polymorphisms.
Osteoporosis is a disease of bone that affects millions of people worldwide and places a significant burden on the economy. The disease itself has multiple aetiologies, but the largest cause is the loss of oestrogen production in women following the menopause. This is due to oestrogen acting as a regulator of osteoclast activity and life span 1 
.
Osteoclasts are the cells responsible for the breakdown or resorption of bone that is required for the normal maintenance and turnover of bone to keep the skeleton healthy 2 . In post-menopausal osteoporosis, osteoclasts are not kept in control by oestrogen and so become overactive which leads to the temporary uncoupling of bone resorption and formation and results in overall net bone loss and disease 3 . Current treatments for osteoporosis mainly target the osteoclasts in order to prevent this excessive resorption. The main treatments currently are bisphosphonates which work by binding to the bone surface and inhibiting bone resorption by interfering with the osteoclast signalling pathways leading to cell death and thus reduction in resorption and bone loss 4 . One of the problems with bisphosphonate treatment is that whilst they are effective in preventing osteoclastic resorption, they reduce bone formation due to the coupling between resorption and formation. Other options exist for anti-catabolic drugs such as Denosumab, a fully humanised antibody to Receptor activator of nuclear factor-kB ligand (RANKL, a cytokine essential for osteoclast differentiation, activation, and survival) 5 . In contrast, only one anabolic agent is currently available, teriparatide (an analogue of PTH) 6 . However these alternatives also have problems in that they are not efficacious in fracture prevention at numerous sites. Therefore there is a need for alternative pathways in bone resorption to target for the treatment of bone disease.
One such signalling pathway is the purinergic signalling pathway. Purinergic signalling involves the controlled release of extracellular nucleotides from cells and the subsequent binding to cell-surface receptors called purinergic receptors. The receptors are classified into the P2Y G-protein coupled receptors and the P2X ligand gated ion channels 7 . One intriguing P2X receptor is the P2X7 receptor (P2X7R) which, whilst it has similarities to the other P2X receptors, has distinct properties such as the ability to switch from a channel to pore configuration upon higher and longer exposure to its ligands 8 . The P2X7R has been shown to be involved in multiple cellular responses both due to ion channel activation and pore formation. These include release of interleukins and other cellular contents, cell fusion and apoptosis 9 . In the context of bone the P2X7R is known to be expressed by both osteoblasts and osteoclasts and plays a role in modulating the differentiation, function and life span of both cell types 10 . Recent studies from our labs have also demonstrated that loss of function SNPs in the gene for the P2X7R (P2RX7) are associated with low BMD, accelerated bone loss and vertebral fractures in post-menopausal women 11, 12 .
In this current study we have used a mouse model of osteoporosis to investigate oestrogen deficient bone loss in the absence of P2X7R and whether a simple anabolic intervention can mitigate this bone loss.
Results

Baseline characteristics of female skeletally mature P2X7R
−/− mice. In this study we have used BALB/cJ P2X7R −/− as the previously reported P2X7R null mice were generated on strains of mice that have naturally occurring mutations in the P2rx7 that impairs the function of the receptor 13 . BALB/cJ P2X7R −/− mice had significantly lower tibial cortical tissue mineral density (Ct.TMD) (p = 0.0178, Table 1 ) and significantly higher tibial cortical bone volume (Ct.BV)(p = 0.0418, Table 1 ) compared to littermate BALB/cJ P2X7R +/+ controls. There were no other statistically significant differences in the morphometric indices measured in either the cortical or trabecular compartment (Table 1) . Contrary to this, histological analysis of the tibial bone demonstrated significant effects of P2rx7 gene deletion on bone cell numbers and size. In the cortical bone compartment, on the endocortical bone surface the number (N.Oc) and perimeter of osteoclasts (Oc.Pm) was more than threefold higher (p = 0.015 and p = 0.035 respectively, Table 1 ), whilst there were half the number of osteoblasts (N.Ob) (p = 0.009) per mm of BALB/cJ P2X7R −/− mice compared to littermate BALB/cJ P2X7R +/+ controls. Similarly, in the trabecular bone compartment the osteoclast number and perimeter was two-fold higher (p < 0.001 and p = 0.003 respectively, Absence of the P2X7R alters bone loss in a mouse model of osteoporosis. In an in vivo model of post-menopausal bone loss, bone architectural changes were examined and characterised using μCT (Fig. 1A) . Successful OVX was confirmed by analysis of the uterine weights; both BALB/cJ P2X7R +/+ and BALB/cJ P2X7R −/− OVX mice had a significant reduction in the uterine weights compared to their respective SHAM controls (p = 0.0003 and p = 0.0006 respectively, Table 2 ). BALB/cJ P2X7R −/− mice had a much greater response to ovariectomy surgery (OVX) than BALB/cJ P2X7R +/+ mice with increased cortical (Ct.BV) and trabecular (BV/ TV) bone loss compared to the SHAM operated mice (Fig. 1B , p = 0.0004 and Fig. 1C , p = 0.0145 respectively; Table 2 ). Differences in the change to of the Structure Model Index (SMI) and significant changes in the pattern (Tb.Pf) of trabeculae of the OVX BALB/cJ P2X7R −/− mice were also detected compared to SHAM operated mice (Fig. 1D ,E respectively, Table 2 ). To further confirm whether P2X7R +/+ and P2X7R −/− mice respond differently to OVX, we have compared the percentage changes in the bone architecture after OVX between the two strains. BALB/cJ P2X7R −/− mice had 13% more bone loss in both the cortical (p = 0.0001, Fig. 1F ) and trabecular (p = 0.0607, Fig. 1G ) bone compartments, but 13% greater increase in SMI (p = 0.0022, Fig. 1H ) and 25% greater increase in Tb.Pf (p = 0.0016, Fig. 1I ) after OVX, compared to BALB/cJ P2X7R +/+ mice.
Absence of the P2X7R renders osteoclast precursor cells sensitive to exogenous stimuli. The ability of bone marrow precursor cells to form osteoclasts from BALB/cJ P2X7R −/− mice was compared to BALB/ cJ P2X7R +/+ mice. Cultures of cells isolated from BALB/cJ P2X7R −/− mice had slightly more osteoclasts but a significantly reduced amount of resorption per osteoclast (p = 0.016) (Fig. 2A+ C) . This data is consistent with the in vivo data above -increased numbers of osteoclast on the trabecular bone surface without any changes in trabecular bone volume as detected by μCT. We next modified the culture conditions to determine whether the P2X7R −/− osteoclast precursors would be sensitive to changes in exogenous stimuli. We used phenol red free medium (as phenol red acts as a weak oestrogen 14 ) and charcoal stripped serum to remove lipophilic, biologically active compounds from the serum. Under these conditions, cells from both BALB/cJ P2X7R +/+ and BALB/cJ P2X7R
mice have significantly and substantially increased numbers of osteoclasts and resorption ( Fig. 2D ,E,G). However, the fold increase in the resorptive capacity of osteoclasts in these conditions was significantly higher in cells from the BALB/cJ P2X7R −/− mice compared to the cells from the BALB/cJ P2X7R +/+ mice (10 fold increase cf 4 fold increase respectively, p = 0.018, Fig. 2F ). This data further supports the in vivo data above that osteoclast activity is additionally increased in the absence of any osteoclastogenic exogenous stimuli and the P2X7R, suggesting that P2X7R may regulate the lifespan and activity of osteoclasts.
Mechanical loading rescues bone loss in a mouse model of osteoporosis even in the absence of the P2X7R. Mechanical loading of bone is a potent anabolic stimulus for new bone formation 15 that is increasingly becoming an attractive intervention, both as a preventative measure and as a treatment option for osteoporosis 16, 17 , either alone or in combination with drugs that target the bone remodelling pathway 18, 19 . Therefore, we next tested whether mechanical loading would rescue the bone loss in our mouse models of osteoporosis. Loading of the tibia significantly induced new bone formation in OVX-BALB/cJ P2X7R +/+ mice (Fig. 3A) , with significant increases in cortical bone volume (Fig. 3B , p < 0.001), trabecular bone volume (Fig. 3C , p < 0.01) and trabecular thickness (Fig. 3D , p < 0.05) to values above that of SHAM-BALB/cJ P2X7R +/+ mice. One of the key early events in the response of cells, including those of bone, to mechanical loading is the release of ATP and activation of purinergic receptors. Indeed, a previous study demonstrated that P2X7R null mice had up to 73% reduced sensitivity to mechanical loading, suggesting a key role in mechanosensitivity 20 . Surprisingly, loading of OVX-BALB/cJ P2X7R −/− mice still rescued the increased bone loss seen after OVX surgery (Fig. 3A) , with increases in cortical bone volume (Fig. 3E , p < 0.001), trabecular bone volume (Fig. 3F,) and trabecular thickness (Fig. 3G , p < 0.001) all to at least the level of SHAM-BALB/cJ P2X7R −/− mice.
Discussion
In this study we demonstrate that the P2X7R protects against bone loss in a mouse model of post-menopausal osteoporosis. At sixteen weeks of age we found that the BALB/cJ P2X7R −/− mouse had reduced cortical BMD, increased cortical volume but similar trabecular architecture and values as compared to BALB/cJ P2X7R +/+ mice using μCT analysis. This baseline phenotype is consistent with the previously reported bone phenotype of the P2X7R null mice 21, 22 suggesting that deletion of the P2X7R only has a mild effect on bone under physiological conditions. Structural changes in bone are the results of altered cell numbers and activity in one or more of the cell types. Upon histological examination of the mice, we found that the BALB/cJ P2X7R −/− mice had significantly fewer osteoblasts and significantly more osteoclasts covering the cortical bone surface compared to BALB/ cJ P2X7R +/+ mice. This imbalance in bone cell number in favour of osteoclasts would lead to more bone resorption and could possibly account for the reduced cortical BMD. We also found that the number of osteoclasts in the trabecular bone were increased and was accompanied by a reduction in osteoblast coverage. However, these differences did not lead to changes in trabecular architectural indices as measured by μCT. This could be due to the higher turnover rate that is observed in this bone compartment masking any subtle effects of P2X7R deletion. Alternatively, the effect of P2X7R signalling may be site specific; this is not an uncommon phenomenon and parallels the effects of PTH on bone 23 . A potential criticism of our mouse model is that a splice variant of P2X7R, P2X7R(k), has previously been found in the founder Glaxo P2X7R −/− mice in various tissues 24 and in osteoclasts cultures at the mRNA level but not at the level of the protein 25 . However, although we did find expression of the P2X7R(k) variant in the highly heterogeneous bone marrow populations, we did not find any expression of the P2X7R(k) variant in mature resorbing osteoclasts or primary osteoblasts (see Supplementary Data Fig. 1) , confirming that this model is indeed a knock out in these cells and ruling out any contribution of a functional P2X7(k) variant in bone cells to the results obtained with the BALB/cJ P2X7R −/− mice. These findings suggest To further determine the differential respond to OVX between the two strains, the percentage changes in the bone architecture after OVX (% of (1-OVX/mean of SHAM) were also compared. All values are mean ± SEM, n = 6-9 mice per group. *p < 0.05, **p<0.01, ***p<0.001, indicate statistically significant differences, using unpaired parametric t-test or non-parametric Mann-Whitney test as appropriate. that deletion of the P2X7R results in an osteopenic-like bone phenotype under normal physiological conditions and is consistent with the association of low BMD and fracture risk in subjects with loss of function polymorphisms in P2RX7 11, 26 . We have also previously reported that loss of function P2RX7 polymorphisms are also associated with increased rates of bone loss, vertebral fractures and effect of oestrogen treatment in post-menopausal women 11, 12, 27 , so we wanted to determine whether P2X7R deletion would lead to increased bone loss following oestrogen loss in our mouse model. We confirmed successful OVX surgery by the lack of any ovaries post-mortem in both strains of mice. Six weeks post-OVX the BALB/cJ P2X7R −/− mice had significant bone loss, particularly with a greater loss of cortical bone, than in the BALB/cJ P2X7R +/+ mice. At this time point the BALB/cJ P2X7R +/+ mice had already started to restore the bone loss by compensatory mechanisms, as has been suggested in previous studies using rodent models [28] [29] [30] . When the individual data for the BALB/cJ P2X7R +/+ mice is taken into account, two mice in the OVX group have recovered their trabecular bone loss (Fig. 1C) . These mice can be identified as statistically significant outliers using the ROUT (Q = 2%) analysis and should these two outliers be removed from the data set, then the OVX group shows a statistically significant 18.4% reduction in BV/TV compared to SHAM control (p = 0.0082).
In addition to changes in bone loss post-OVX, the BALB/cJ P2X7R −/− mice also have significantly altered bone microarchitecture indices compared to BALB/cJ P2X7R +/+ mice. The most intriguing being the significantly increased trabecular pattern factor (Tb.Pf) and Structure Model Index (SMI), which indicate less well-connected and more rod-like structured trabecular bone in P2X7R −/− mice, in contrast to the well-connected and flat structure observed in normal healthy animals. This type of bone microarchitecture change has been suggested to be associated with abnormally enhanced activities of osteoclasts which controls the trabecular connection and the conversion of trabecular from plate elements to rod elements 31, 32 . OVX removes oestrogen which normally controls osteoclast life span and apoptosis. The P2X7R has been linked to cell death and apoptosis in a number of cell lines including osteoclasts 27, 33, 34 , and in an intact mouse could provide an alternative level of control of osteoclast numbers in the absence of oestrogen. However, in the BALB/cJ P2X7R −/− mouse post-OVX, both oestrogen-and P2X7R-induced osteoclast apoptosis are missing potentially leading to increased longevity of these cells, sustained bone resorption and thus net bone loss. This is consistent with the previously reported observation of reduced apoptosis following ATP stimulation of osteoclasts generated from women with loss-of function P2RX7 SNPs 27 . Additional evidence for the role of the P2X7R in osteoclast survival and function is provided by the in vitro studies. In keeping with previously reported literature 21, 35 , monocytes from the BALB/cJ P2X7R −/− mice were able to fuse and form multinucleated osteoclasts. This rules out a major critical role for the P2X7R in osteoclast cell fusion, as had previously been speculated. Furthermore, in the cultures from the BALB/cJ P2X7R −/− mice, the number of osteoclasts formed were not significantly different from BALB/cJ P2X7R +/+ cultures, again consistent with previous studies. We did note however, that whilst the overall resorption was also unaffected, the amount of resorption per osteoclast was significantly reduced. This suggests that whilst the lack of P2X7R does not affect formation and fusion of osteoclasts, it does have an effect on their functional activity. This would suggest that the increased numbers of osteoclasts observed in vivo may well be a compensatory mechanism for their reduced activity.
As it is difficult to determine the activity of osteoclasts in vivo via histology, we investigated this in vitro by culturing monocytes in altered culture medium in an attempt to mimic the altered paracrine conditions in the OVX mouse. We used phenol red free media and heat inactivated charcoal stripped FBS as this has previously been used as a model of oestrogen-depletion in vitro 36 . When the cells were cultured this way, BALB/cJ P2X7R −/− cultures had a greater increase in the number of resorbing osteoclasts, total resorption and the amount of resorption +/+ and BALB/cJ P2X7R −/− were differentiated on dentine and TRAP stained. In normal (N) conditions the (A) total number of resorbing osteoclasts, (B) total resorption and (C) the resorptive ability (resorption/resorbing osteoclast) was determined. In modified (M) conditions the (D) total number of resorbing osteoclasts, (E) total resorption and (F) response to modified conditions on the resorptive ability of osteoclasts (expressed as a fold change of the mean resorption/resorbing osteoclast of the normal conditions (N) in either genotype) was determined. Values are mean ± SEM, n = 3 repeat cultures containing a total of 11 dentine discs. *p<0.05 **p<0.01, ***p<0.001, unpaired parametric t-test or nonparametric Mann-Whitney test as appropriate. (G) Representative images show non-resorbing (black arrows) and resorbing (white arrows) osteoclasts and resorption trails (white stars) excavated by the cells on dentine in both normal and modified conditions. Scale bar = 500 µm. per osteoclast than BALB/cJ P2X7R +/+ cultures. Whilst these altered cell culture conditions, especially the charcoal stripped FBS, will also remove biologically active lipophilic molecules which may also affect osteoclast formation and function, this data suggests that absence of P2X7R renders the cells more sensitive to changes in exogenous stimuli, including oestrogen, that increases the survival and thus overall resorption of osteoclasts.
A potential anabolic treatment for bone loss is exercise due to increased mechanical loading. It has previously been suggested that the P2X7R plays an important role in the transduction of mechanical load 20 . Therefore we wanted to determine what would be the effect of mechanical loading on our post-menopausal model. In both the BALB/cJ P2X7R −/− and BALB/cJ P2X7R +/+ mice, 2 weeks of mechanical loading significantly increased the cortical and trabecular bone volume to the equivalent or greater value than the SHAM operated controls. This data confirms that the BALB/cJ P2X7R −/− mice are still capable of responding to mechanical loading. Trabecular thickness was also increased in both strains, suggesting increased osteoblast activity. The discrepancy with the previous literature that demonstrated a reduced response to mechanical load in another P2X7R
−/− mouse model could be due to the different types of mechanical loading used. Li et al. used lower forces and only 3 consecutive days of mechanical loading 20 whilst we loaded every other day for 2 weeks. In addition, in our current study the BALB/cJ P2X7R −/− mice also have increased osteoclast activity and active resorption due to the response to OVX -coupled with an activated osteogenic response from loading resulted in a net effect of a greater level of bone formation.
In summary, we have confirmed that loss of the P2X7R alters oestrogen-deficient bone loss, as seen in post-menopausal women with loss of function polymorphism in the P2X7R. This effect is likely to be due to the increased activity and life span of osteoclasts in the absence of both oestrogen and P2X7R. The observation that the anabolic stimulus of mechanical loading rescued the increased bone loss in the absence of P2X7R suggests a potential clinical intervention to help treat post-menopausal osteoporosis in women with loss of function P2RX7 polymorphisms.
Methods
Mice. P2X7R
−/− mice 37 were backcrossed onto the BALB/cJ background as previously described 22 . Sixteen week old BALB/cJ P2X7R −/− and BALB/cJ P2X7R +/+ littermate control mice were housed in the same environmentally controlled conditions with a 12hr light/dark cycle at 22 °C and free to access 2018 Teklad Global 18% Protein Rodent Diet containing 1.01% Calcium (Harlan Laboratories, UK) and water ad libitum in RB-3 cages. All procedures complied with the UK Animals (Scientific Procedures) Act 1986 and were reviewed and approved by the local Research Ethics Committee of The University of Sheffield (Sheffield, UK).
OVX surgery. Sixteen week old, virgin, female BALB/cJ P2X7R +/+ and BALB/cJ P2X7R −/− mice (n = 6-9/ group) were bilaterally ovariectomized (OVX) or ovaries were exposed without removal (SHAM). OVX and SHAM surgery were performed as previously described 38 . Briefly, mice were anesthetized with 1.5-4% isoflurane in oxygen for surgery. The back of each mouse was shaved and surrounding area was cleaned with 70% ethanol. A dorsal incision was made through the skin in the region between the dorsal hump and the base of the tail. The ovaries, surrounding ovarian fat pad, and part of the uterine horns under the abdominal wall were removed. For SHAM surgery, the ovaries and proximal parts of the uterine horns were exteriorised briefly then returned to the abdominal cavity before wound closure.
Mechanical loading in vivo. BALB/cJ P2X7R
+/+ and BALB/cJ P2X7R −/− OVX and SHAM mice underwent mechanical loading 4 weeks after surgery. A 13.5 N dynamic load was superimposed onto a 0.5 N pre-load at the rate of 160,000 N/s. Forty trapezoidal-waveform load cycles (0.2 s hold at 14 N) with 10 s interval between each cycle were applied to mice tibiae, three times a week for 2 weeks, mice were then euthanized on day 14 39 . Both tibiae were dissected and fixed in 70% ethanol for μCT. The contra-lateral non-loaded limb (right tibia) was treated as internal control for loading (the functional adaption in both cortical and trabecular bone being controlled locally and confined to the loaded bones 40, 41 ).
μCT. Fixed tibiae were scanned using a SkyScan 1172 desktop μCT machine at a resolution of 4.3μm with the X-ray source operating at 50 kV, 200μA and using a 0.5 mm aluminium filter. Two-dimensional μCT images were captured and reconstructed by Skyscan NRecon software at threshold of 0.0-0.16 for tibia proximal end. For the tibia proximal end scan, trabecular morphometry was characterized by measuring structural parameters in a 1.0 mm thick trabecular region which is 0.2 mm below the growth plate. Cortical morphometry was quantified from the cortical regions located in the proximal 20% (1.0 mm thick, 1.0 mm below the growth plate). Bone tissue mineral densities (TMD) equal to grams of hydroxylapatite per cube centimetre were calculated based on image greyscale with the following equation: TMD = (0.012 × greyscale value) − 0.296 42 . Nomenclature and symbols were used to describe the μCT derived bone morphometries according to the recommendations from Bouxsein et al., 2010 43 .
Bone marrow osteoclast cultures. Osteoclasts were derived from the mononuclear hematopoietic cell population from the long bone marrow of 12 week old female mice. The bone marrow of limbs was flushed out by PBS using a syringe with 25-gauge needle. Cells were harvested by centrifugation and resuspended in the selection medium (α MEM + GLUTAMAX ™ (Gibco), 100 Units/mL Penicillin and 100 μg/mL Streptomycin, 10% FBS, and 30ng/ml M-CSF. Cells were then transferred into a T75 flask and incubated for 24 hours at 37°C, 5% CO 2 to allow the attachment of stromal cells. Non-adherent cells were collected by centrifugation and resuspended in growth medium (α MEM + GLUTAMAX ™ containing 100 Units/mL Penicillin and 100 μg/mL Streptomycin, 10% FBS, 150ng/ml M-CSF, and 30ng/ml murine RANKL (R&D System)). Cells were then seeded onto dentine disks (generated in-house) in 96-well plates at density of 0.5 × 10 6 cells per well and incubated overnight at 37 °C, 7% CO 2 to allow the attachment of osteoclast precursor cells. The wells were washed once and cells were cultured at 37 °C, 7% CO 2 with the medium being replaced every 2-3 days. Cells on dentine disks were cultured for 17 days to allow time for resorption, fixed in ice cold 10% buffered formalin, TRAP stained and counterstained by Gill's haematoxylin 44 . The number of resorbing osteoclasts (defined as a TRAP positive cell in or in close proximity to resorption pits) and the amount of resorption (area of excavated surface) per dentine disk were quantified.
Modified bone marrow osteoclast cultures. Mononuclear hematopoietic cell population from the long bone marrow of 12 week old female mice were harvested and cultured as described above at 37 °C, 7% CO 2 with the medium being replaced every 2-3 days. For modified conditions, the growth medium was phenol red free α
